We have used double clamped beams to implement a mechanical memory. Compressive stress is generated by resistive heating of the beams and beyond the buckling limit the bistable regime is accessed. Bits are written by applying lateral electrostatic forces. The state of the beam is read out by measuring the capacitance between beam and electrodes. Two ways to implement a mechanical memory are discussed: compensation of initial beam imperfections and snap through of the postbuckled beam. Although significant relaxation effects are observed, both methods prove reliable over thousands of write cycles.
In this work we describe a static mechanical memory with a fully electronic interface. On-chip readout enables the integration of the micromechanical bit in electronic or mechanical circuits. Both the compressive and the lateral forces on the beam can be controlled, which allows detailed study and manipulation of the beam behavior. By measurement of the beam position as a function of these forces, we quantify the residual asymmetry in the beam and demonstrate the presence of mechanical relaxation effects, which significantly affect the first few hundred operating cycles of the bit. Two realizations of a micromechanical memory are demonstrated: compensation of beam asymmetry in the prebuckling phase and forced snap through of the postbuckled beam by electrostatic forces. In contrast to mechanical memory based on electrostatic pull in of single clamped cantilever beams, 7, 8 the presented memory is contactless and thus less sensitive to wear.
Double clamped beams are fabricated in silicon-oninsulator wafers by optical lithography, followed by reactive ion etching. The beam dimensions are 1000ϫ 6 ϫ 35 m 3 . As the beam height is much larger than its width, the lateral stiffness is low. The beams are released by etching the 2 m thick silicon oxide insulator layer in a buffered hydrofluoric acid solution. This method yields single-crystal beams with minimal asymmetry and low residual stress. A 600 nm layer of aluminum is sputtered on top to provide a conducting path. Figure 1͑a͒ shows a fabricated and bonded device. Figure 1͑b͒ schematically shows the setup. Six electrodes are placed around the beam. The beam position is determined by a differential capacitance measurement between the beam and the central electrodes on either side. A pulse excitation signal is therefore applied to the beam. The differential capacitance, ⌬C, is measured via an integrated capacitance to digital interface, 9 denoted with C2D in Fig.  1͑b͒ . Electrostatic forces are applied to the beam by the four remaining electrodes.
To access the bistable regime, compressive stress is generated by resistive heating of the double clamped beam. 10, 11 A constant current is obtained by the driving voltage V D and the series resistor ͑R = 175 ⍀͒ which is large compared to the beam resistance R beam = 7.5 ⍀. The excitation signal, EXC, for the capacitance measurement is added to this driving signal. With no voltages applied to the side electrodes, the curve marked I in Fig. 2͑a͒ shows the measured capacitance as a function of the applied current squared. At I 2 Ϸ 2.3ϫ 10 −3 A 2 , a gradual transition to the postbuckling phase is initiated. Imperfections in the beam are large enough to prevent bifurcation at the critical beam compression: the beam always buckles in one direction.
When applying voltages to electrodes on one side, the electrostatic force can put the prestressed beam in the other stable position. As Fig. 2͑a͒ shows, different trajectories can be mapped out. The corresponding control voltages V 1 are shown in the inset. Trajectory II is followed when a small electrostatic force is applied to compensate the beam imperfections in the prebuckling regime. Alternatively, a larger electrostatic force may be used to switch the beam in the postbuckling regime of region I, by a forced snap-through. The sequence ABCD represents the write operations. During stage A, a logical "1" is memorized. The beam is compressed and remains in its "high" position. In stage B, the beam current is low and a voltage is temporarily applied to the side electrode to compensate the asymmetry of the beam. After reapplying the current, the beam buckles to the "low" position, which represents a logical "0." This value is memorized during stage C, while the electrostatic force is zero. In stage D, the beam is reset to its preferred buckling position by setting the driving current temporarily low. This corresponds to the initial situation, a logical "1."
In an alternative implementation, the beam remains compressed and is switched between the postbuckled states, following trajectory III in Fig. 2͑a͒. Figure 2͑c͒ shows the operation. The upper panels show the control electrostatic voltages V 1 and V 2 , which are 50 ms pulses. A higher voltage is required to switch between postbuckling states than in panel ͑b͒. This scheme requires electrodes on both sides of the beam as to set and reset the beam position. Similar to Fig. 2͑b͒ , the pulse sequences clearly demonstrate the controlled writing and erasing of the bit.
We will now analyze the results in more detail, and for this, the changes in differential capacitance have to be related to the beam displacement. A calibration was carried out by measuring the differential capacitance as a function of the displacement of the beam center, using a scanning optical microscope. 13 The inset in Fig. 3 shows the result. The relation between differential capacitance and the displacement of the beam is approximately 1 m / fF. A finite element analysis confirms this value for displacements up to a few micrometers.
To calculate the compressive stress, the average temperature of the beam as a function of the applied current is calculated by solving Fourier's law of heat conduction. Convection and radiative heat transport are neglected, which is a valid assumption for our device dimensions. 4 Taking into account the conduction through the beam clamping points, and the conduction through the air film between the beam and the substrate as a fit parameter, the relation between driving current and induced stress due to a change in the average beam temperature equal to ⌬T avg can be approximated by ⑀ = ␣⌬T avg Ϸ 1.8ϫ 10 4 ϫ I d 2 . The thermal expansion, ␣, is assumed constant within the temperature range in the experiments ͑⌬T Ϸ 60 K͒. As a result of the stress, the displacement of the beam center is calculated by the real part of
where for a beam with rectangular cross section the critical compression for mode 1 equals
where L is the length and d is the width of the beam. Equation ͑1͒ corresponds to the dashed curve in Fig. 3 .
The minimum energy to switch the beam is related to imperfections in the beam. These imperfections can be taken into account by assuming an initial curvature ȳ, which is supposed to take the shape of the first static mode.
14 Including this term, the potential energy in the compressed double clamped beam is calculated as 
ͪ, ͑2͒
where E is Young's modulus, and k 1 =2 / L. We calculated the static mode amplitude as a function of the beam current and plotted the results together with an ideal beam and the calibrated displacement of the solid line in Fig. 2͑a͒ in Fig. 3 . The model reproduces the beam displacement including the point of buckling well. The predefined buckling direction can then be related to an initial curvature on the order of 10 nm. Although our fabrication process yields beams with little asymmetry compared to silicon oxide beams with high residual stress and similar L / d ratio, 15 asymmetries due to imperfect fabrication are still two orders of magnitude larger than the beam movements by thermal fluctuations.
The reliability of the mechanical memory was investigated by repeating the measurements shown in Figs. 2͑b͒ and 2͑c͒ thousands of times. During these experiments, we observed significant relaxation effects in the double clamped beams. These effects were investigated as follows. We first prestressed the beam at I d 2 = 2.46ϫ 10 −3 A 2 and then measured the beam position while slowly attracting the beam through the instable region. Figure 4 shows the measured displacement as a function of the electrostatic force induced by V 1 . The first loop represented by the blue curve shows a large hysteresis. The flight distance is indicated by s. The red trace shows the curve measured after 210 repetitions. A clear reduction of the hysteretic area is observed, and s has decreased by a factor 4. The inset in Fig. 4 shows s versus the number of cycles during this experiment. The flight distance initially drops very fast, and eventually saturates at a fraction of its initial value. We note that the memory function is not lost, as s has not reduced to zero. The measurements fit an exponential decay reasonably well, as shown by the red line. Similar behavior was observed in several other devices, and by varying the sweep time of V 1 we verified that the independent variable is the number of cycles, rather than the time to sweep V 1 .
The exponential reduction of the displacement with the number of switches indicates a mechanical relaxation effect, acting on the initial shape of the beam. A likely mechanism is the nucleation and/or evolution of dislocations at the compressed side of the silicon beam, 16 which can lead to a significant reduction in the deflection of buckled beams. 17 These irreversible processes result in a reduction of the flight distance to a stable value. Using a high-resolution optical microscope, we qualitatively observed changes in the beam shape before and after repetitive switching. The observed effects may lead to a reduction in the signal to noise ratio, and to small changes in the threshold voltages. However, at large driving currents, both bit operations were found to be reliable over thousands of cycles.
To decrease the footprint area of the mechanical bit, we experimented with 79 m long beams, with gaps between electrodes and beams equal to 5 m, and found that the capacitive displacement detection with the presented setup is still feasible. We note that capacitance detection has been proven a viable way to detect displacements in double clamped beams with dimensions a factor 10 3 smaller than the ones presented here, 2 which suggests scalability down to such dimensions. Finally, we note that in the scheme of Fig.  2͑c͒ , compressive stress can be introduced during fabrication, as to eliminate the need for current while the bit is memorized. 6 In summary, we demonstrated a micromechanical static memory device based on a buckling beam, with a fully electronic interface. A quantitative analysis of the beam behavior is presented, including the residual beam asymmetries. During the first few hundred operating cycles of the memory we found relaxation effects in the beam. After this "burn-in" period, the memory performance is stable. 
